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Abstract 
The benefits of using strip fin heat sinks (SFHSs) where the cross-sectional aspect ratio of the 
fins lie between those for plate fins (high aspect ratio) and pins fins (aspect ratioൎ  ?) are 
explored computationally, using a conjugate heat transfer model. Results show that strip fins 
provide another effective means of enhancing heat transfer, especially when staggered 
arrangements of strip fins are used. A detailed parameter investigation demonstrates that 
perforating the strip fins provide additional improvements in terms of enhanced heat transfer, 
together with reduced pressure loss and heat sink mass. Results are also given which show 
that, for practical applications in micro-electronics cooling, perforated SFHSs offer important 
benefits as a means of achieving smaller processor temperatures for reduced mechanical 
power consumption.  
Keywords: perforations, k-ȦSST model, conjugate heat transfer and heat dissipation rate. 
NOMENCLATURE 
Reynolds number Re cross-sectional area of the flow passage of the heat sink, m2 Ac 
temperature, oC T pin diameter of the pin fin heat sink, 
mm 
D 
temperature difference, oC ¨Tperforation diameter of the pin fin, mm d 
air velocity, m/s U hydraulic diameter, m Dh 
thermal resistance in terms of surface area, 
K m2/W 
ߠ௦ pin fin height, mm H 
Base temperature, 0C Tbase Thermal resistance, K/W ߠ 
Total heat transfer coefficient hT Projected heat transfer coefficient hp 
 Greek heat transfer coefficient, W/m2.K h 
fluid thermal diffusivity (m2/s) Į turbulence kinetic energy k 
turbulence model constant Įȕȕ number of perforations n 
porosity Vvoid=V ࢥ number of pins N 
fluid viscosity (Pa·s) ȝheat sink length, mm L
turbulent eddy viscosity, Pa.s ȝtNusselt number Nu
fluid density (kg/m3) ȡ fan power, W P 
kinematic viscosity, m2/s Ȟpressure drop, Pa ¨S
turbulent kinematic viscosity, m2/s ȞW Prandtl number Pr 
k-İWXUEXOHnce model constant ıİturbulent Prandtl number Prt 
turbulence model constant for the k-
equation ıpower applied on the base, W Q 
k-ȦWXUEXOHQFHPRGHOFRQVWDQW Ȧ pin pitch in streamwise direction, mm Sz 
  
1. INTRODUCTION 
The inexorable rise in heat flux densities from micro-electronic components and devices is 
presenting the industry with formidable challenges in maintaining processor temperatures 
below critical values, in order to circumvent a range of important failure modes, [1]. These 
challenges have stimulated a number of cooling innovations, including the use of highly 
conductive inserts to provide more efficient pathways to heat removal, [2], and a number of 
promising liquid cooling methods. The latter include on-chip cooling, direct liquid jet 
impingement and dielectric liquid immersion which removes heat by convection currents, [3]. 
This paper focusses on what remains currently the most popular approach for cooling 
microelectronics, namely convective heat transfer to air as it flows over a network of 
extended surface fins on a heat sink. It has recently been estimated that heat sinks account for 
more than 80% of the thermal management solutions for electronics, which will be worth 
over $10 billion in 2016 [4]. Heat sinks provide a low cost and reliable means of achieving a 
large total heat transfer surface area without excessive primary surface area, and the surface 
fins act as turbulence promoters which enhance heat transfer rates by breaking up the thermal 
boundary layer. The main goals of heat sink design are to provide sufficient heat transfer 
rates, to ensure processor temperatures remain below critical values, for minimal pressure 
loss and heat sink mass, see e.g. [5]. 
Heat sinks based on rectangular plate fins (PFHSs) are the most common. Several 
experimental and numerical studies of PFHSs have appeared in the literature, see e.g. [6, 7], 
and these have demonstrated that the heat transfer rate can be improved by modifying the 
arrangement of the fins by, for example, employing staggered arrangements of plate fins, see 
e.g. [8, 9], or periodically interrupted diverging and converging fins, [10]. Generally, it is 
found that staggered arrangements of plate fins can improve heat transfer but at the cost of 
significantly larger pressure drops across the PFHSs. 
A number of recent studies have shown that perforating the fins in PFHSs can lead to 
localised air jets which result in substantial improvements in heat transfer rate with reduced 
pressure losses. Shaeri and Yaghoubi [11], Dhanawade and Dhanawade [12] studied thermal 
air flows through arrays of plate fins, with one or more rectangular or perforations 
respectively parallel to the dominant flow direction. They found that perforations reduce the 
pressure loss by reducing the size of the wakes behind the fins and the length of the 
recirculation zone around the lateral surface of the fins, whereas air jets through the 
  
perforations generally enhance the heat transfer rate. Ismail et al [13] also found that the 
shape of the perforations can be influential and that the pressure drop with circular 
perforations is substantially smaller than with square ones.  
The plate fins on heat sinks are often replaced by pins with a much smaller cross-sectional 
aspect ratio, typically with the ratio of fin length to width ARൎ1, see Fig. 1. These are often 
referred to as Pinned Heat Sinks (PHSs) and several studies have shown that PHSs can be 
much more effective at disrupting the boundary layer and improving rates of heat transfer, 
see e.g. [14], [15], but at the cost of much larger pressure drops. The effect of pin 
arrangement in terms of pin density and orientation to the dominant flow direction (either in-
line or staggered) has also been shown to be very influential in PHSs. Generally, increasing 
pin density and employing staggered arrangements of pins both lead to increased rates of heat 
transfer and larger pressure losses, [8, 16-19].  
In comparison with PFHSs, relatively few studies have considered the effect of perforations 
on heat transfer and pressure drops in PHSs. Sahin and Demir [20, 21], for example, studied 
the effect of cross-sectional shape (circular or square) for in-line pin arrays while Dhumne 
and Farkade [9] considered the effect of staggered pin arrangements for singly-perforated 
pins of circular cross-section. Dai [22] studied the benefits of micro-jets to improve heat 
transfer rate and reduce pressure drop by inducing flow separation in PHSs. Collectively, 
these studies have shown that perforations can also lead to substantial improvements in heat 
transfer for reduced pressure losses for PHSs. Al-Damook et al [15] have very recently used 
complementary experimental and numerical methods to explore the benefits of using multiple 
pin perforations within PHSs. They showed that the heat transfer rate increases 
monotonically with the number of pin perforations, while the pressure drop and fan power, 
required to overcome the pressure drop, both reduce monotonically; the location of the 
perforations were found to be much less influential. Their conjugate heat transfer analysis 
showed, further, that improved heat transfer with pin perforations leads to significantly 
reduced processor case temperatures and pin mass. Their experiments also revealed that 
practical considerations, including pin perforation alignment with the dominant flow 
GLUHFWLRQDQGWKHTXDOLW\RIWKHSLQV¶VXUIDFHILQLVKFDQDIIHFWWKHKHDWWUDQVIHUDQGSUHVVXUH
drop significantly. 
Most studies of PHSs to date have considered cases where the pins have cross-sectional 
aspect ratios, ARൎ1. The present study focusses on the benefits of employing pins with a 
larger aspect ratio, AR=2.25, as a compromise between the simplicity of PFHSs and the need 
  
to employ several small pins on PHSs. Such heat sinks are referred to here as strip fin heat 
sinks (SFHSs) and very few previous studies of SFHSs have appeared in the literature. 
Jonsson and Moshfegh [23], for example, studied the performance of strip fins, square pins, 
circular pins, and plate fin with in-line and staggered arrangements. Using a coarse 
arrangement of strip fins with AR=5.3, the pressure drop in their experiments was 
substantially lower than for a denser arrangement of pins but with a similar thermal 
resistance. Hong and Cheng [24] studied the performance of strip fins in staggered 
arrangements in a micro-channel heat sink. They YDULHGILQ¶VOHQJWKDQGWKHVSDFHVEHWZHHQ
fins to find the optimal design. Their results showed that SFHSs clearly enhance the rate of 
heat transfer and that the pressure drop is strongly related to strip fin spacing.  
The present study is the first detailed numerical investigation into the benefits of employing 
perforations in SFHSs. It compares the thermal and hydraulic performance of staggered and 
in-line arrangements of strip fins with PHSs with circular and square pins of AR=1, and 
shows how these can be further enhanced by perforating the strip fins. The paper is organised 
as follows. The paper is organised as follows. Section 2 describes the conjugate heat transfer 
model for the heat sink problems under consideration and the numerical methods used to 
solve them. A comprehensive set of solutions is presented in Section 3 and conclusions are 
drawn in Section 4. 
2. NUMERICAL METHODS 
2.1  Problem Description 
The heat sink designs considered are shown in Fig 1 with circular and square pins, of cross-
sectional aspect ratio AR=l/w=1, and strip fins with AR=2.25, where l, and w are length and 
width of fin respectively. Those values are chosen to facilitate a convenient comparison with 
the PHSs considered here. Heat sinks with solid and perforated fins in the in-line or staggered 
arrangements shown in Figure 2 are investigated. The perforated fins contain three circular 
perforations aligned with the direction of flow and the diameter of each perforation is 1 mm. 
The case with circular pins in an in-line arrangement has recently been studied by [15]. The 
dimensions of the base plate, fin height and fin thickness or diameter are the same for all heat 
sinks and are equal to 50×50 mm, 10 mm and 2 mm, respectively. The number of fins is 64 
for those with in-line arrangement and 60 for heat sinks with staggered configuration. 
Following Al-Damook et al [15], the heat sinks are aluminium with thermal conductivity 202 
W/m.K and with a base plate thickness of 2 mm. 
  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
               
                                   
 
                                        
 
 
 
 
 
 
 
Figure 1: The six fin designs considered, and a definition of pin aspect ratio, 
AR=l/w. 
 
Strip fin with in-line arrangement     Circular pin fin with in-line arrangement 
Circular pin fin with staggered arrangement Strip fin with staggered arrangement 
Figure 2: Schematic diagram of different heat sink geometries and arrangements. 
AR = l/w 
  
2.2 Conjugate Heat Transfer Model 
Following Al-Damook et al [15], a conjugate heat transfer model for the turbulent air flow 
over the heat sinks is developed with the properties of air based on the inlet temperature of 
18oC. The inlet velocity ranges between 6.5 m/s and 12 m/s which leads to Reynolds numbers 
between 3500 and 6580, based on equations (1) and (2). 
                                                             ܴ௘ ൌ ߩܷܦ௛ȀɊ                                                      (1) 
                                                                ܦ௛ ൌ  ?஺೎௣                                                             (2) 
The air flow is considered as steady state, incompressible and turbulent, see e.g. [11-13], and 
the conjugate heat transfer model analyses the heat flux which is transferred through the heat 
sink into the moving air through the coupled boundary condition shown in Fig. 3(a).  The 
heat flux through the heat sink is computed by solving Fourier¶V conduction equation (3). 
Zhou and Catton [25] modelled the turbulent air flow using the Reynolds-Averaged and 
Navier-Stokes (RANS) form of the continuity, momentum and energy equations (4, 5 and 7) 
respectively.   
                                                          
                                                               0).(   ss Tk                                                            (3) 
                                                                  0.  U                                                                (4)                                
.                                              'U'Uȡı.ȡ1UU.tU  ww
  
                                               (5) 
In equation (5) V  is represented the Newtonian stress tensor which can be computed using 
equation (6).  
                  > @ TUUIp  PV  and > @  )(32'' IkUUUU Tt UPU                       (6)                         
Where  'U  and U  are the fluctuation and average turbulent velocity vectors respectively, and 
p and I  represent the pressure and the unit tensor.  
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Following a number of recent, successful models of thermal air flows over heat sinks, the k-Ȧ
SST model with automatic wall function treatment is used [15], [25]. The equations of this 
model are given in the following equations (9, 10, 11, 12, 13, 14 and 15):  
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In equation (10) ࡲ૚ refers to blending function defined in equation (11), where ࡯ࡰ࣓࢑ and the 
turbulent eddy viscosity ࣏࢚are specified in equations (12) and (13) respectively. ࡲ૛  and ࡿ 
refer to the second blending function and invariant measure of the strain rate respectively and ࡲ૛ is calculated using equation (14).  
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Equation (15) is employed to limit the growth of flow stagnation regions. 
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The constants for the SST model are taken as: 
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Figure 3: (a) Conjugate heat transfer process; (b) the flow domain. 
  
2.3 Boundary Conditions  
Following the experiments of Al-Damook et al [15], the following boundary conditions 
are used. Note that, due to symmetry, the flow through only one row of fins is analysed 
[11], see Fig. 3(b). 
1- On the bottom of the heat sink a uniform heat flux of 20000 W/m2 and a no-slip 
condition, U = 0 are applied.  
2- The inlet fluid temperature is at 18oC and its velocity ranges between 6.5 and 12 m/s.  
3- The outlet pressure is equal to zero and the temperature gradient is zeroሺௗ்ௗ௫ ൌ  ?ሻ.  
4- At the fin surfaces no slip, U = 0, and heat flux is conservedሺ݇௙ Ǥ ௗ்௙ௗ௡ ൌ ݇௦ ௗ ೞ்ௗ௡ ሻ. 
5- The left and right sides are taken to be symmetry boundaries.  
6- All other walls, no slip and adiabatic conditions are applied.  
Following a number of previous studies, e.g. [15], which have shown radiative heat transfer is 
small for the conditions considered here, radiative losses are neglected. 
2.4 Grid Independent Test (GIT) 
The effect of grid refinement on the numerical solutions is investigated for the cases of solid 
and perforated square pin fins in an in-line arrangement, see Table 1. The results for the 
perforated PHS show that increasing the number of cells above 755069 leads to a less than 
0.5% variation in the base temperature and pressure drop. For solid fins, far fewer cells are 
needed and the results imply that grid independence is achieved with only 95410 cells.  
                   Table 1 : Effect of grid density for a PHS with solid and perforated square pin fin in an in-
line configuration 
 
 
 
 
Geometry Number of Cells 
The base  
temperature (oC) 
Pressure drop 
 (Pa) 
Solid square 
PHS 
45000 69.8 57 
64868 71.2 55.2 
95410 73.0 54.0 
118984 73.1 54.0 
Perforated 
square PHS 
with three 
perforations 
436422 58.0 44.0 
667851 65.3 38.5 
755069 67 36.0 
923254 67.2 36.0 
  
3. Results and Discussion 
3.1 Validation of the Numerical Method 
The numerical solutions are next validated for the cases of solid circular pin fins in staggered 
arrangement and solid square pin fins in in-line arrangement studied experimentally by Yang 
et al. [18]. Fig. 4(a) compares the pressure drop (ǻ3) and heat transfer coefficient (h) for the 
staggered, circular pins and the average discrepancies for pressure drop and heat transfer 
coefficient are 4% and 4.5% respectively. Fig. 4(b) presents the corresponding data the case 
with square pins in an in-line configuration; in this case the average discrepancies are 3% and 
4.5% for pressure drop and heat transfer coefficient respectively. 
 
 
3.2 Numerical comparisons of pressure drop in PHSs and SFHSs 
Fig. 5 shows the pressure drop for solid and perforated fins in an in-line arrangement, which 
as expected demonstrates that it increases monotonically with air velocity. Fig. 5(a) presents 
the pressure drop for solid pins and it is clear that by far the largest pressure drops, typically 
80% larger than the others, are for the square pins fins whereas those for the circular and strip 
fin are in very close agreement. The larger pressure drop for the square pins may be due to 
flow separation around the square pins which increases the associated pressure drag on them.  
Fig. 5(b) shows the pressure drops for the perforated fins. These show clearly that the 
pressure drop decreases compared with the solid fins. The highest reduction is observed for 
square pins, which is typically around 12%, while the reductions for the circular pin and strip 
fins are typically around 6.5% and 9% respectively, with the strip fin having the smallest 
pressure drop.  
Figure 4: (a) validation for circular pin fin with staggered configuration; (b) validation for 
square pin fin with in-line arrangement. 
 
  
 
Fig. 6 shows that staggering the fins has a significant effect on pressure drop, increasing it 
substantially in all cases. The highest pressure drop in this case is for the strip fin, which 
increases by up to 80%, since the fins present a barrier to all regions of the airflow. Such 
blockage effects also result in average increases in pressure drop for the square and circular 
pins of approximately 63% and 33% respectively. Fig 6(b) shows that perforations lead to 
reductions in the pressure drop in all cases. For the circular, square and strip fins the average 
reduction in pressure drop are approximately 10%, 25% and 22% respectively. It is clear that 
perforations are more beneficial when fins are staggered. 
 
 
 
Figure 6: (a) pressure drop for solid fins with staggered arrangement; (b) pressure 
drop for perforated fins with staggered arrangement 
  
3.3  Numerical comparisons of heat transfer coefficient 
The heat transfer coefficient of a heat sink depends on the choice of characteristic area used. 
Al-Damook et al [15] have recently shown that using the heat transfer coefficient, hp based on 
the projected cross-sectional area of the heat sink that calculated using ݄௣ ൌ ொሶ஺೛ቂ்ೈିቀ೅೚ೠ೟శ೅೔೙మ ቁቃ  
is perhaps the most useful indicator of the heat transfer efficiency for practical considerations, 
where ܣ௣ ൌ ܹܮ  the projected base area, L and W are length and width of heat sink 
respectively. Fig. 7(a) shows predictions of hp with the fins in an in-line configuration and 
demonstrates that the strip fins provide the largest rates of heat transfer. It is likely that this is 
mainly due to its larger wetted area in contact with the air, compared with pin fins. The effect 
of perforations is shown in Fig. 7(b); they are seen to enhance heat transfer significantly, with 
increases of the order of 20-25% for all cases considered. This is probably due to not only its 
larger wetted area in contact with the air, compared with pin fins, but also due to the effect of 
localised air jets that pass through the fins and reduce the size of recirculating regions behind 
them, see e.g. [15]. 
 
  
Figure 8 demonstrates that staggering the fins increases the heat transfer coefficients 
significantly, with typically increases of around 50%, 20% and 10% for the strip, square pin 
and circular pin fins respectively. Staggering the strips breaks down the boundary layer very 
effectively, generating higher levels of turbulent heat transfer. Perforating the fins increases 
the rates of heat transfer yet further, with enhancements typically between 20 and 30% being 
realised.  
Figure 7: (a) Heat transfer coefficient for (a) solid fins and (b) perforated fins with in-line 
arrangement. 
  
 
 
3.4 Numerical predictions of heat sink base temperature 
The primary goal of the heat sink in electronic systems is to ensure that the processor 
temperatures remain below critical temperatures to avoid component damage and failure. 
For PCs, for example, Yuan et al. [26] stated that this critical temperature is around 85oC. 
The effects of inlet air flow velocity and fin perforations on Tbase are shown in Fig. 9. For 
an in-line fin arrangement with solid pins, Fig. 9(a) shows that the Tbase values are very 
similar for the square and circular pins, whereas the improved heat transfer from the strip 
fins reduces Tbase by typically 5-6oC. Fig. 9(b) shows that the improved heat transfer from 
perforating the fins reduces all Tbase values by typically 3-4oC. The substantial 
improvements in heat transfer from staggering the fins are also demonstrated in Figs. 9(c) 
and 9(d). The former shows that staggering the solid strip fins reduces Tbase by between 
15 and 20oC, for the solid square pins by 8-10oC and for the solid circular pins by 5-8oC, 
the latter having the poorest rates of heat transfer. The further reductions in Tbase by 
perforating the fins lead are typically around 3-4oC for the strip fins, typically 4-5oC for 
the circular pins, and has very little effect for the square pin fins. 
 
 
Figure 8: Heat transfer coefficient for (a) solid fins and (b) perforated fins with 
staggered arrangement. 
  
 
 
 
3.5 Influence of perforations on the flow and temperature fields 
Figure 10 shows how perforations alter the flow field around the strip fins for an in-line 
arrangement. These show that perforating the strip fins reduces the size of the recirculation 
region behind the fins, which acts to reduce the overall pressure drop. The enhancement in 
the rate of heat transfer is due to the combination of the increase in the wetted area in contact 
with the air and the creation of localised jets that lead to higher convective heat transfer, see 
also Al-Damook et al [15].  
Examples of temperature fields on the SFHSs for solid and perforated SFHSs with in-line and 
staggered arrangements of fins are presented in Fig. 11. The lowest Tbase, corresponding to 
the lightest shade of green, is obtained for the perforated SFHSs in a staggered configuration. 
The figure demonstrates clearly that the perforated cases have the lowest surface temperature 
for a given fin arrangement. 
 
Figure 9: (a) Tbase for solid models with in-line arrangement; (b) Tbase for perforated models 
with in-line arrangement; (c) Tbase for solid heat sinks with staggered arrangement; (d) Tbase 
for perforated heat sinks with staggered arrangement. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11: Temperature gradient for solid and staggered SFHSs with 
different configuration 
Perforated strip fins 
Solid strip fins 
fins 
Figure 10: Effect of perforation on fluid flow in the SFHSs. 
Perforated SFHSs with 
staggered configuration 
Solid SFHSs with in-line 
configuration 
Perforated SFHSs with in-line 
configuration 
Solid SFHSs with staggered 
configuration 
  
3.6 Heat sink mass 
Heat sinks are designed to be light as possible, while meeting their functional requirements 
on heat transfer and pressure drop, in order to reduce material consumption and increase 
portability. The total mass of the heat sinks considered here has been calculated utilising 
equations 16 and 17 and the values are showed in Table 2, where the density of aluminium ߩ஺௟ ൌ 2712 Kg/m3. 
                                                       ௧ܸ ൌ ௕ܸ௔௦௘ ൅ ௙ܸ௜௡௦                                                      (16) 
                                                           ݉௧ ൌ ߩ஺௟  ൈ ௧ܸ                                                        (17) 
Table 2: Masses of the examined heat sinks. 
Model 
 
Mass of solid 
geometry (g) 
 
 
Mass of perforated 
geometry (g) 
 
 
Reduction 
percentage 
Circular pin fin 19.0 18.24 4.0% 
Square pin fin 20.5 19.75 3.8% 
Strip fin 29.2 27.40 6.2% 
Table 2 shows that using perforated fins on heat sinks offer the additional advantage of a 
significant reduction in its mass, which for SFHSs is over 6%.  
3 Conclusion 
Heat sinks with surface fins provide critical cooling in a range of important industries and 
practical applications and are ubiquitous throughout the electronics industry. A large number 
of previous studies have analysed the benefits of plate fins and pins, with aspect ratios, while 
far fewer have considered employing strip fins with cross-sectional aspect ratios typically > 2 
Strip fins can be extremely effective in breaking up the boundary layer and the combination 
of increased fin wetted surface area and increased turbulence can provide substantial 
enhancements in heat transfer, albeit with increased pressure losses. Staggering the strip fins 
enhances the heat transfer, with larger pressure losses. The present study is the first to show 
that perforating the strip fins provides an effective and practical means of enhancing heat 
transfer yet further with additional, significant benefits in terms of reduced pressure losses 
and heat sink mass and materials consumption.  
There is great scope for achieving better heat transfer and pressure drop characteristics 
through formal optimisation of the perforated strip fin heat sinks and the arrangement of the 
fins. This work is currently ongoing.  
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